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and regulation q{ protein synthe51s have expanded to such proportions that
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ecent years studies on the genetic code, protein synthesis,
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In writing this chapter E@ .
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which-weré~used to declpher‘mhe code, secondg the nature of the code and—the.
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dVTdEﬂCE‘fé;-rr**and’thlrd\ thé\ifparent loglc)?f’fﬁé"cude's”ﬂesxgnz An
apparent

attempt is made to formulate genefﬁi‘principals and the/logical design of

the code. ,
kY
iscussion of the code, how it was
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In wriping the chapter an attempt has

translated and the experimental data,
N
ﬂlﬂaqﬂéﬁ$
rlnclﬂals from the data and to state the

This chapter is meant to be a

been made to formulate general g
Coverage of topics

apparent logic which undeflies the design of the cod
*
A
ways, the chapter

has been selective rather than comprehens1vee &md in-'so

more of
is/an essay than a review.
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The data which &#now available on the code, the structure and

function of nucleic acids and protein, and the process of protein synthesis
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is so extensive that }&;was*deemed essential from the outset to be select1ve~L i
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rather than comprehensiv;ﬁniéiscussfng“fﬁéwaéta?“*

An attempt has been wade in this chapter to survey the genatlc code,
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we

éspe01ally the apparent de51gn ofthe
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code-xxxampXRYER and-phe"logic~which~iS”éﬁplpyed.WWC9verage is selective rather

to concentrate on fundamentalﬁ

than comprehenside.
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B, Base Compositions of Codons

Synthetic RNA preparations containing all possible base com-

»

binations have been used as templates for bty synthesis in vitro.

In practice, the major factor"wééggfiggg%; the sensitivity of the assay

is the presem@eé of endogenous mRNA in E. coli extracts. As shown in

Fig. , the level of endogenous mRNA is greatly reduced by incubat;;;°igﬂ
E. coli extracts in the pfesence of DNase and all compoments required for
protein synthesis until amino acid incorporation ceases. EBxtrects—then.

L

can-be-dizttzred.and -stored=until.needed, Protein synthesis then is

almost completely dependent upon the addition of mRNA.

Optimal conditions for in vitro protein synthesis stimulated
by synthetic mRNA were determined ( ), and methods were devised for
rapidly washing radioactive protein precipitates on cellulose nitrate

P ;thﬂ_

filters ( ). Most radioactive4 in products are washed with 10% tri-
chloroacetic aci%g‘{£ose rich in proline are washed with 20% trichloroacetic
acid ( )4\whereas lysinew-rich pweseins are washed with a solution containing

S :
sc m tunggtate and trichloroacetic acid ( ).

oo
The specificity of § randomly-ordered RNAr(emplati{for amino
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acid incorporation 1nto 'has been studied extensively with

. @""‘\’ -y “"WV [- We 3
%olynucleotldfsw:tﬁAone kind of base uswally~is—a templateCfor'ene

amino acidfg Littlé template activity ggg detected with poly G; pre-
sumably G-G interactions inhibit the template aétivity of RNA (discussed
in a later sectiomn).

A polynucleotide with two kinds of bases contains eight triplets{

six triplets with two kinds of bases, and two triplets with one%ﬁiﬁb“éf
(e

/
3&%&1 For example fgly UC contains:
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uuc UUU\\

ucu CCC ;
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CCu

cuc

UccC

| 2ack. A2 y,p oy
Three preparations, poly QF, poly CG and poly %F, a:nzﬁc:iwe-templates

)]

;.: ;"‘—{gﬂi{

Wi
for four amino ac1d3u Tee other polynucleotide preparatlons( poly UA,

@a@}.amkﬂé

poly UG, and poly C%?servg/%snFemplate' for six amino acidﬁﬁ?ﬁ(ﬁ@@

Tis et Tk
‘There—are fourAPolynucleotldes/uﬁcf three kinds of basesg{f\&

}'
Y
3

poly UAG, poly UCG, poly UCA, and poly CAG. A polynucleotide with three
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kinds of bases? fov—ex: xawple, poly UAG, resembles a mixture of seven

eI AT

F s
'}/"u ;:'f:;c‘\...-mfw e :)
- & .

polynucleotide‘/% as follows: poly U, poly“& poly G poly UA, poly UG,

(i wt:,&%»)
poly AG, poly UAG. )\ UAG contains tripletsswith one kind of

base, eighteen #xiplets with two kinds of bases, and six ewiplets with

three kinds of basesq~a—tetel-ei-twenty-seven—triplretoy—

b
‘Each three-base polynucleotide stimulatef the ncorporatlon
* A PR
. [ }\l.-ﬁ:: '_‘.2"’&;; ‘_wgi S - :
L ~ : I
; into proteit} of ten op~ucrs amino acid Four skmomberzy codonsféwere &
T R e A ~ LA

B e e vy NI
f[ found whlch h could not be accounted for by/opembaqe Qr. Luozbhase ggdgns,,,wzbl

A /2«4 ' w("“ ¥ 4
/ C A \,;.ﬁ‘\-;.;«, ﬁv".é'm#"*‘;:p'%s ,,g f“‘ 5
L‘ﬂl’y UAG uau--u—-tacmp'%a-te—ﬁ@v methionine and, ,aspartic a01d) =1 Mot iyl CAG
l
(¢ | was a template for serine andi:aspartic acid. ad:a‘tipnal three-base
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codons were assigned to am . results aleand ~demonsteate o
3 S g 5?“

owauowd the minimum kinds of bases which
\ ‘f?:t; 7 e

£
\
wmey<be present in: codons for each amino acid. ”“‘I’f‘-—&ddait‘" ouvihe-redilts: .

RAL
she‘w&h‘ ~the-code™is~degenerate~because-amino.acids.-such~ as--leucine,

.& e et

carginine-and -serine-respond-to.several-polynucleotides which.differ in

S et

_basecorntent:
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With additional data it is possible to‘Eefivélthe §EE§;;;;;-—:E‘<§
W basesm codon, as well as the kinds of bases whielr—

are present. Base compositions of RNA codons are derived as follows:

Y

e
/éhe base composition of a polynucleotide cet-he determined

2

A ?hé expected frequency of each doublet or triplet is calculated easily
once the base ratio of a randomly-ordered polynucleotide is known., By
R
synthesizing a series of polynucleYi@des, each containing identical bases,
A ! ;
but with different proportions of-beses, anqA etermining the relative

poluypaiplid ¢ maleniof

proportions of amino acids directed intojpsetseda by each polynucleotide,

s
OROWLLT B eSirmaue—ttre base composition{of the codon, as well as the number

be

of nucleotides per codon esambe estimated.

L cLLA,A.,::TT' fol-o R ST ﬁaﬂLiﬁ S _ .
Te—is—dtfficutt to-compare-directly-=the/ template efficiency of

u‘.f;;f“ M

5-f0e- the efficiency of each

é#éémund'
o5 polynacleotide preparation

preparation may be influenced strikingly by factors other than base

composition, such as, the conformation of the RNA in solution, the presence

o2

Aof terminal phosphate, its—motecular-weighty the number of base residues

_per moiecule aand so forth.a These factors will be discussed in later

/ j NN T gy o, o,

%
sections. However,?fh amount of each amino acid incorporated into protein

due to the addition of aApolynucleotide preparationipan~b€”ﬁ€térmfne§
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the relarive fxe(znrkmx,,ﬁﬁmg?«%ﬁ? i aanesdiion. o

M\&M”d*‘v J-‘«w-é»LM-M\,eMLa dé,
different polynucleotide preparations can be compared.
2/ - . .
Ph Table i# show# an example of data obtained with a
poly AC preparation; similar data were obtained with four other poly AC

c () The four possible doublet

permutations do not contain enough specific information to code for the
six amino acids directed into protein by poly AGCs whereas, the infor-
mation content of the eight possible triplets is adequate. 1f every

.plet were read, some amino acids would respond to two or more codons.
In such cases the sum of the triplet frequencies would then be compared
with thg corresponding amino acid incorporation data. For example, if
(ACA) and (ACC) both corresponded to the same amino acid, the sum of
their frequencies would be 24.9 percent, which could not be distinguished
from the frequency of the dbublet, (CA), which is also 24.9 percent.

The relation between theoretical frequency and the experimentally

determined frequency of amino acidkincorporation into protein is shown

(lﬁﬁkHL&%§)

in Fig. . The-.data demonstrate ‘thatfhistidine, asparagine and

y N . . §oori
i LAY o . o Yo :
o f YA Con e e [ B

glutamine’ composition of a histidine codon is (CAC)p, an asparagine codon,

t
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(AAC){ and a glutamine codon, (CAA), Threonine responds either to 1two
triplets, one of base composition (ACA)y the other (ACC), or to the doublet
(AC).
As shown in Fig. ___, prolihe responds to two triplets, CCC and (CCA),
or to the CC doublet, and Wap lysine responds to the triplet AAA, Es—this
' y '

wﬁﬁyz;;éry triplet base ¢ompsTitden in poly AC was assigned to an amino acid

as follows:

. ccC
Histidine (CAC)

. (ACC)
ihreonlne (ACA)
Glutamine (CAA)
Asparagine (AAC)
Lysine AlA

In tzis way the nucleotide compositions of approximately 30 ccdons were

7
| | | Bt
estimated by Ochoa ( ), Nirenberg ( ) and their coworkers. A summarypis O
A

=
-

shown in Table . Tentative base compositions were estimated for many

codons containing three different bases. Most amino acids were found to be s

<Ri°’1°!:’) " L
coded by muitiple word%h. Since synonym codons often differ by only one base, -

~

the bases which were common to each synonym codon were assumed to occupy the

same position within each triplet.

Similar results were obtained in both 1aboratories)although extracts
T
were prepared from E. coli B in the Ochoa laboratory and from E. coli-asnd W3100
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(a K12 strain) in the NIH laboratory.

C.

Nucleotide Sequence# of Codons
[/

“Frpee=T foectwoiﬁTrinncieo%&des—upon—AAutRNA Bindlgguto—aabosomes

Each of the 64 trinucleotides have been synthesizeqyand assayed
] 'M\.)D
é&jz-templaté"iﬂtlbinding of E. coli AA-tRNA, Since the initial
studies showed that AA-tRNA for some amino acids binds to ribosomes

in response to trinucleotides at 0.02-0.03 M Mg++, but not at

f%-«h“Mww.“”,wM“’"wwm e n
0.01 M Mg++ (Nlrenberg and Leder, 1964; Leder and Nirenberg, PNAS&{

S S e

‘s

a relatively high Mg++ concentration(0.0S Pﬁﬁﬁgig*was selected for///

—

—

the initial survey of trinucleotide-ribosome—AA-tRNAJ&.All responses

found at 0.03 M Mg++ then were reassessed at 0,01 and 0.02 M Mg™™*

Summaries of responses of unfractionated E. coli AA-tRNA are

. S
ety 4

shown in Tables and . pa— ‘ /
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Most trinuclecotides have been assayed for template specificity

'l}‘/‘-""g;' nA

with 20 AA-tRNA,Freparations from E. coii, each acylated with
one radioactive and 19 unlabeled amino acids ( ). In surveying

Pl >a_§£*g‘
trinucleotide specificity, unfractionated AA—tRNAoa:§=tiy 1s fao Lasse

used,i itially, becausepspecies of tRNA compete with ome another
during the formation of AA-tRNA-codon complexes and the specificity of

codon recognition can be altered by changing the concentrations of

two or more speciles of tRNA,
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N
C . - - - . AT
k\\ilmost all triplets were-found—te correspond to amino ac1%:;)
i o -
Synonym codons were—foUmd=to~be logically related to one another, a/wC{

In most cases, symomym—eedons differ only_?n the Baée occupying
the third position of the triplet., Only four unique patterns of
degeneracy were found, each pattern determined by the kinds of
bases which occupy ;he third positions of synonym triplets.

Patterns of altermate third bases are:

1) G
L 2y U=C
2 e .
/ﬁﬁjf’%a 3) A=@
f&k&.ﬂw\
e Ly v=cIaA

A fifth pattern, U =C = A = G, ts—fowmd which is not mnecessarily

unigue, because this pattern‘would result 1f two simpler patterns
were present, such as [(U =C) + (A =G)] oxr [(U =C = A) + (G)].
Codons specifying the initiation of protein synthesis may
contain alternate bases at the first rather than the third position
of the codons., For example, N-formyl-Met-~tRNA responds to AUG, GUG,

and possitly also UUG (discussed under Punctuation).
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W

one cons e qyence oF fagieal degeverney 15 thaT many wfutions
' {

leading to single base replacements in DNA at sites corresponding
to third bases of mRNA codons may not result in amino acid re-

Ll "
placement in protein, Hence, many mutations thes are silent,

The code appears to be arranged so that the e’fzcts of base re-

placements in DNA)or erroneous translation of a base in mRNA)of:gn
is minimized, Possible amino acid replacements in preo:zein which

would occur as a result of single base changes can be read in

Tabie >y moving horizontally or vertically from the amino acz

in Juesticn, but not diagonally, ThE:Ecée:éppea*ﬂSrﬁﬁbb AT T aig o

&

go—ihai-iha effects.af.som *errers~maywbe“min1n12ﬂﬁg,ﬁfbé%xamlno

C:?‘Jbv C""“ S

acic which are structurally or metabolically related orteiASL_mespoﬁd
e b
L x . . 3

Lot

< L

t@zaﬁa&*aafRﬂA codons W For example, Asp—codons, GAU and GAC, are
similar to Glu-codoms, GAA and GAG Ser~codons are related to th

codons, and so forth,
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U Ihese ﬂesultjﬁconflrm 46 of the 53 codon base comp051tlons\wh1ch

|

s

had been assigned on the basis of studies with synthetic, randomly-ordered

Pl

polynucleotides and the cell-free protein synthesizing systems{CLQQ«ofwtha
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upon Al -+ RNA bnnd.n to ribssemes
A The e&?echsAoE Sikteen pclynucAEOt’da prepzrztions, each with &

otte hunrdred
different 5'-terminal doublet followed by approximately ¥R C residues,

such as AU(C)100 + i Tii-ped-

Cfﬁkatuhael) The results are shown in Table . Each RNA prevaration

)nﬁybkaéﬁfa R also

(3
x stimulated binding of Pro 'tand Ser-tRNA. Ala-tRNA,responded to most

of the polynucleotides, K e®#&. The %ighrrgspoqQQ of Pro-tRNA to every

polynucleotide demonstrates a high outa;;;hase response to CCC residues.

The very high respénsed of Ser-tRNA to polynucleotides sz jrwies un-
¥y [ign resp :

expected. Each RNA preparation contains three triplets, depending upon

: Foly
the phase of codon recognition., For examp e,/UUCCC(C)lOG contains the

trip.:cts UUC, UCC, and CCC according to the reading phase and stimulates

ﬁ”“ 9k L0
binding of Pro- Ser-% Phe- and Ala-tRNA to ribosomes., In some cases,
bases one to three are recognized preferentially; in other cases, bases

two to four are preferred. Therefore, phasing preferences depend <.omn

the triplet rather than the exact location of the triplet in the 5'-terminal

region, “Artheugh-suchdota—eve-of. conai

pega:d~towthewpreferreémmedeeweprhasingwe&mknLdﬁﬂﬁﬁ?ﬁtt&an@wﬁﬁnterp%eta&ien

J;ﬁ,Qadan_basc-sequoneewcftenmiswcvmp&itatedwb?“fh@Mphasingwpﬁob&emx
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NeverThedess, fesponses of AA-tRNA to approxemately half of the sixteen

codons tested are sufficiently high ag¢ that base sequence assignments can

, e
be derived readily, However, interpretation of the remaining data is

complicated by the phasing problem. Responses of AA-tRNA to polynucleotides

: [ I ot
Ang ./‘.,yé-awa Sy g, e ,f;f,e*
agree well with the responses of AA-tRNA to trinucleotidesAif the assumption is

made that almost every poss1b1e rlé?%t in each polynucleotide 1s recognized
to a greater or lesser extent. However, three differences in ressonse of
AA-tRNA to polynucleotides and trimucleotides should be noted; Gly-:RNA does

not respond to GGC(C)lOO, but does respond to the trinucleotide, GGC; Leu-

C
-tRNA does mnot respond to)ﬁUC(C)loo but does respond to randomly-ordcred

- Cq G, o L(.
poly UC, altacugh responses to the trlnucleotlde,/CUC]<e§t:2£e;e difficult
AT
Czﬁvﬂ%éegdmﬁ tha
to detect with unfractionated Leu-tRNA ( ); high reéponsef of Ser-tRNA to
J;Q 'M\Jm ' » ;
polyanuclectides are not observed with trinucleotidefg,nl&ﬁﬁﬁ?mﬁséLm&&m;‘47f#ﬁ$a4
A/éoLynucleotides with repeatlno douolet triplet, or tetramer sequences
t‘l‘v‘vﬂ (.
wereSymehesiged-byKhoranrend-hés~eolleafid 6t ) and wexe usedAFo stimu~-

jaLQq._ — W“MJM
late amino acid incorporation in E. coli extracts. A—summary—e£f the res.lts,
[

_is shewn—inTFeabte-__., RNA preparations which do mot contain an ini:iator

‘

codon, such as AUG, or GUq)are translated in almost every possible phase

during protein synthesis in E., coli extracts. RNA with a repeating doublet
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sequence contains two triplets in alternating sequence, and therefore is

(L

R

‘ n»‘{',n_ %;akl(;bd 4 |
a template for géoééén containing two amino acids in alternating sequence,

Mbst RNA preparations with a repeating triplet sequence are read in three
phases,each phase corresponding to a different triplet. For example, poly UUC
stimulates the incorpowratiocn of radiocactive phenylalanine, serine and leucine
into proteiq;fiierefor§7poly UUC resembles a mixture of poly UUC, poly UCU,
and poly CUUg if the reading phase were (-UUC-UUC—)n, the protein product

would be polyphenylalaninej if the[EEEE%[f? readin§Jwere (-UCU+UCU-),, the

product would be polyserine; and if the reading phase were (—CUU-CUU-)n,

..ne expected product would be polyleucine,

£

four trinlets and therefore serves as a template for ith repeating

tetrapeptide sequences, Polymers which stimulate incorporation of iess than

e :

the expected number of amino acids contain terminator tidiedesms, such as UAS, -

)

#MB-UAG, or ‘he—bewnier—trimbei UGA (discussed under Pynctuation).
s .

Results obtained with polynucleotides containing repeatingAséquences

directly demonstrate nucleotide sequences of terminator codons, Polynucleo-

~ides without initiator codons are translated in almcst every possible phase

and the preferred mode of phasing apparently depends upon the triplet rathex
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than the exact distance of the triplét from the 5'-terminus of the poly-

cuctooride, In mOST cases, Lase seguentes ol Cotums Can e GeVIVee Sl LI
the reading phase of mRNA is known and is correlated with the phase of amino

acid incorporation into protein, /gf
T -y !
%m
The number of codons per amlno acid is shown in Table ____ . &dx. i
Al e [ Gom o € cmmeel = ek o0 -

d@gﬂ«ﬁeﬁ'&m;cppoud to serine, fTiwe-ar.six to, d. to &\-;j&%\y

t
vy ,
¢
{

Mand om four to one codons each of the remaining amino acids.
= g, From fo ‘ /

I ’ ,r‘"‘k*'- i
T/

A & . .
It should be ncted the: only one codon corresponds to tryptophan and ome

to methlonln{&;m fgf“( /Y~ ’W’]/(/h/tw‘___f Mﬂ({%[

“eef




